Over the last decade, graphene, the thinnest two-dimensional (2D) material, has aroused tremendous research interest because of its excellent mechanical, thermal, electronic and optical properties[@b1][@b2][@b3][@b4]. Many of outstanding properties of graphene are closely related to its atomic-layer thickness and large surface areas[@b5][@b6][@b7][@b8]. However, graphene tends to form irreversible agglomerates or even restack to form graphite through strong π--π stacking and Van der Walls (vdW) interactions[@b9]. To fully utilize the high intrinsic surface area of graphene, novel three dimensional (3D) graphene networks have attracted extensive experimental attention, particularly in synthesis[@b10][@b11][@b12][@b13][@b14]. For example, Cao *et al.* first reported the preparation of 3D graphene networks by using Ni foam as a sacrificial template in a facile chemical vapor deposition (CVD) process with ethanol as the carbon source[@b11]. Their experimental results indicated that 3D graphene network can serve as a good platform to construct graphene/metal oxide composites for supercapacitor applications. Subsequently, Dong et al. demonstrated the use of 3D graphene foam as a novel free-standing and monolithic electrochemical electrode for electrochemical sensor[@b12]. Wang *et al.* developed a sugar-blowing approach to effectively synthesize a 3D graphene product, which further allows avoiding disintegration and performance decay in any scaled-up device fabrication process[@b14]. Overall, 3D graphene has large surface areas, high stability and good conductivity, which is promising as matrices for the further improvement of the electrochemical and electrocatalytic performance in metal oxides and metal sulfides.

Strikingly, high performance energy storage properties have already been observed in many hybrid 3D graphene-oxide systems when stacking with the oxides of MnO~2~[@b15], Co~3~O~4~[@b16], SnO~2~[@b17] and so on. It is well known that MoS~2~ monolayer is a typical 2D layered structure with a direct band gap of 1.8 eV[@b18], which is suitable for industrial catalyst[@b19][@b20][@b21] and rechargeable Li-ion batteries[@b22][@b23][@b24][@b25]. Recent experiments[@b26][@b27] suggest that the 3D graphene-MoS~2~ (3DGM) hybrid structures show good cycling and excellent high-current-density performances, which depicts a 10th-cycle capacity of 466 mAhg^−1^ at a high current density of 4 Ag^−1^. The physical mechanism behind this experimental observation needs more theoretical investigations.

Many theoretical studies have been performed on 3D layered structures. Jiang et al. constructed 3D graphene structures by zigzag or armchair graphene nanoribbons as building blocks and sp^3^ carbon chains as junction nodes[@b28]. In the meanwhile, 3D BN[@b29] and MoS~2~[@b30] structures have also been predicted by density functional theory (DFT) calculations. However, to the best of our knowledge, no theoretic study as yet has been reported on the 3D graphene hybrid structures.

In this work, we proposed a novel 3DGM model that contains graphene nanosheets and MoS~2~ nanoribbons as building blocks. The thermodynamics stability, electronic properties, and Li adsorption and diffusion are further calculated based on first principle calculations. The calculation results show that the 3DGM hybrid structures are thermodynamically stable at room temperature. The electronic properties of 3DGM are closely related the geometric constructions of joint zone, showing an obvious odd-even change with the number of atomic layer in MoS~2~ nanoribbon. Interestingly, the 3DGM hybrid structures are beneficial for providing a smooth transfer of foreign mass within the bubble channels and for retaining the intrinsically properties of the building blocks. The zigzag MoS~2~ building blocks remain the enhanced lithium absorption and diffusion characteristics of zigzag MoS~2~ nanoribbons. Because of its high stability, huge surface areas and excellent intrinsic properties, the 3DGM hybrid structures, which are promising candidates as the cathode material for high-performance lithium-ion batteries, might be also used for other clean energy applications, such as electrocatalytic hydrogen production.

Results
=======

The geometrical construction and stability of the 3DGM
------------------------------------------------------

The initial 3DGM supercell is constructed by combining one graphene monolayer and *n*-layer MoS~2~ nanoribbon. Clearly, its structure varies with the width and edge of MoS~2~ nanoribbon, which can be either zigzag or armchair. In the following, we will discuss the different 3DGM structures with different edges (zigzag and armchair) and different thickness. For simplicity, a 3DGM structure that contains *n* atom-layer thickness zigzag (armchair) MoS~2~ nanoribbon is denoted as 3DGM-*n*Z (3DGM-*n*A) in the following. Seven representative models, 3DGM-2Z, 3DGM-3Z, 3DGM-4Z, 3DGM-5Z, 3DGM-3A, 3DGM-4A, and 3DGM-5A, are examined in this work. For example, the 3DGM-3Z presents the system contains 3 atom-layer zigzag MoS~2~ and graphene. To avoid the interaction between the MoS~2~ nanoribbons in adjacent supercell, the closest distance between two MoS~2~ nanoribbons is larger than 12 Å.

The optimized lattice constants of hexagonal graphene and MoS~2~ monolayer are 2.47 and 3.20 Å, respectively. Thus, 3DGM-5Z supercell contains 48 C atoms, 15 Mo atoms and 30 S atoms with a small lattice mismatch of 2.4%, as illustrated in [Figure 1 (a)](#f1){ref-type="fig"}. The unit cell of 3DGM-5A structure contains 132 C atoms, 25 Mo atoms and 50 S atoms with a 1.9% lattice mismatch, as showed in [Figure 1 (b)](#f1){ref-type="fig"}.

In order to know the relative stability of the 3DGMs, the formation energy is used to evaluate the interactions between graphene and MoS~2~ nanoribbon. The formation energy of 3DGM contains two parts: the first part is to cut the monolayer MoS~2~ into nanoribbon, and the second one is to combine the MoS~2~ naoribbon with graphene. In the following, the formation energy for each part is considered. The formation energies of the part 1, the part 2 and the whole process arereferred as *E~f~*~1~, *E~f~*~2~ and *E~f~*, respectively, which are defined as Where *E*~3*DGM*~, *E~ribbon~*, *E~monolayer~* and *E~graphene~* are the energies of the considered 3DGM structure, MoS~2~ nanoribbon building blocks, monolayer MoS~2~ with the same number of atoms and graphene building blocks, respectively. *N~edge~* indicates the numbers of edge units in the zigzag or armchair MoS~2~ nanoribbon building blocks. The calculated *E~f~*~1~, *E~f~*~2~ and *E~f~* of different 3DGMs are listed in [Table 1](#t1){ref-type="table"}.

It should be noted that *E~f~*~1~ of zigzag MoS~2~ nanoribbons are lower than those of the armchair MoS~2~. It indicates the zigzag MoS~2~ nanoribbons are more stable than armchair ones, which agrees well with previous theoretical and experimental studies[@b31][@b32]. All the *E~f~*~2~ of 3DGM are negative, indicating the relative interaction between graphene and MoS~2~ nanoribbon. Interestingly, the *E~f~* of all 3DGM-*n*Z structures is smaller than that of 3DGM-*n*A. 3DGM-5Z exhibits the lowest formation energy of −0.204 eV, as listed in bold in [Table 1](#t1){ref-type="table"}. The small or even negative formation energy implies that zigzag MoS~2~ nanoribbon is easier to form the 3DGM hybrid structure with graphene. Therefore, the 3DGM-5Z as an example structure is used to further study the electronic properties.

To further explore the thermodynamic stability of the 3DGM hybrid structures, FPMD calculations were carried out at the temperature of T = 500 K with a time step of 0.5 fs. The results show that structures of all considered 3DGM have no obvious change after 1000 fs FPMD simulations. The honeycomb structure of graphene and MoS~2~ nanoribbon does not change at T = 500 K, but the nearest-neighbor distances between Mo and C atoms are slightly increased. As shown in [Figure 2](#f2){ref-type="fig"}, the average bond length of Mo-C in 3DGM-5Z increases from the initial 2.33 Å to 2.44 Å at T = 500 K due to the thermal vibration of atoms. These results imply that all the considered 3DGM structures should be thermodynamically stable at room temperature. More importantly, 3DGM can avoid the aggregation between the layered structures, thus such 3D structure should be more stable than the single layer one.

The electronic structures of the 3DGM
-------------------------------------

It is well-known that graphene is zero-gap material, while zigzag and armchair MoS~2~ nanoribbons are metal and semiconductor, respectively[@b31]. Thus it is instructive to know the electronic structures of the 3DGM hybrid structures with different thickness and edges in MoS~2~ nanoribbons. The band structures and partial charge distributions of the representative 3DGM-4Z and 3DGM-5Z are presented in [Figures 3 (a) and (b)](#f3){ref-type="fig"}, respectively. The calculated band structures suggest that 3DGM-4Z is metal, but 3DGM-5Z is semiconductor with a very small band gap of 0.01 eV. In order to check the accuracy of our results on the electronic properties, both the hybrid HSE06 functional[@b33][@b34] and spin-orbit coupling effects[@b35] are employed to examine the electronic properties of 3DGM. The calculated electronic structures with hybrid HSE06 functional or spin-orbit coupling show that the 3DGM-4Z structures remain metal properties. The band gap of 3DGM-5Z is 0.01 eV with PBE, and band gap of 3DGM-5Z increases to 0.15 eV with hybrid HSE06 functional. Besides spin-orbit coupling calculations also show a relative large bandgap of 0.08 eV for 3DGM-5Z. Thus the PBE functional calculations exhibit reasonable electronic properties of 3DGM.

Band decomposed charge density indicates that the band structures near the Fermi level are closely related to the configurations of the joint zone between graphene and MoS~2~. The metal features of 3DGM-4Z are mainly contributed by the atoms at the joint zone. For the semiconductive 3DGM-5Z, the charge density of valence band maximum (VBM) and conduction band minimum (CBM) is located on the S atoms at the joint zone. As shown in the previous work[@b31][@b36], the MoS~2~ nanobibbons generally exhibits magnetism, the spin polarization of zigzag MoS~2~ nanoribbon were considered in our calculations. Different from MoS~2~ nanoribbons, 3DGM exhibits a very small total magnetic moment. For example, the total magnetic moment of 3DGM-5Z is about 0.001μ~B~ in the supercell.

The similar odd-even effect of band structures also exists in the 3DGM structures containing armchair MoS~2~ nanoribbons. As depicted in [Figures 3 (c) and (d)](#f3){ref-type="fig"}, the band structures of 3DGM-*n*A change from metal to semiconductor (with a band gap of 0.25 eV) as *n* increases from 4 to 5. The electrons near the Fermi level in 3DGM-4A is mainly distributed on the Mo atoms, as shown in [Figure 3(c)](#f3){ref-type="fig"}. The VBM and CBM states of the 3DGM-5A localize on the different zone of the armchair MoS~2~ nanoribbons, due to the small lattice mismatch[@b37] of the graphene and MoS~2~ edge type.

To explore the electronic properties of 3DGM, the electron localization function (ELF) and charge density difference (Δρ) of the 3DGM are investigated. The ELF is a position-dependent function with 0 \< ELF \< 1; and the value of ELF = 0.5 corresponds to the electron-gas like pair probability[@b38]. The ELF of 3DGM-5Z and 3DGM-5A are showed in [Figures 4 (a) and (c)](#f4){ref-type="fig"}, respectively. The result shows that ELF is very small between graphene and the MoS~2~ nanoribbon in both 3DGM-5Z and 3DGM-5A, demonstrating the absence of any directional covalent-type bonds.

To further understand the bonding of graphene and MoS~2~ nanoribbon, we studied the charge density difference of the 3DGM-5Z and 3DGM-5A, as indicated in [Figures 4 (b) and (d)](#f4){ref-type="fig"}, respectively. The charge density difference is defined as[@b39] Where *ρ*~3*DGM*~(*r*), *ρ~ribbon~*(*r*), and *ρ~graphene~*(*r*) are the charge densities of the relaxed 3DGM, MoS~2~ nanoribbons, and clean graphene surfaces, respectively. In the 3DGM-5Z, the obvious charge redistribution in the joint zone suggests the ionic bonding between Mo and C atoms. Few of the charge transfer from C to S atoms which indicate the weak bonding between edge S and C atoms. To understand the physical origin of charge transfer between the graphene and zigzag MoS~2~ nanoribbons, the work function of graphene sheet and zigzag MoS~2~ nanoribbon are examined relative to the vacuum level. The calculated work function of graphene sheet is 4.17 eV. The work function of Mo atom edge and S atom edge of zigzag MoS~2~ nanoribbons are 4.95 and 5.02 eV, respectively. Thus the electron of graphene can transfer to zigzag MoS~2~ nanoribbons when they form the 3D structures. It is also noted that no charge transfer between the graphene nanosheets and armchair MoS~2~ nanoribbons in the 3DGM-5A. There is just a small charge redistribution in the edge Mo atoms. Thus, two edges of armchair MoS~2~ nanoribbons combine with the graphene by the weak vdW interactions. The relatively weak bonding of graphene and armchair MoS~2~ nanoribbons also can be deduced by the formation energy calculations (see *E~f2~* in [Table 1](#t1){ref-type="table"}).

Adsorption and diffusion of Li on the 3DGM-5Z
---------------------------------------------

The recent studies suggest that MoS~2~ nanostructures are more attractive for lithium-ion battery applications since the Li diffusion path in nanostructures could be significantly shortened[@b40]. For example, the Li diffusion energy barrier in MoS~2~ monolayer (0.21 eV) is much lower than that in MoS~2~ bulk (0.49 eV). More interestingly, its adsorption energy in the zigzag MoS~2~ nanoribbons increases by a value of 2.73--3.62 eV due to edge effects[@b40]. The 3DGM has large surface area and more Li adsorption sites. Recent experiments also demonstrate that 3DGM hybrid structures exhibits highly reversible capacity and excellent cycling performance[@b26][@b27] in Li batteries. Previous theory calculations have shown that the largest adsorption energies of Li on graphene is 1.096 eV[@b41], which is much lower than that on zigzag MoS~2~ nanoribbon. Thus, Li atom prefers to adsorb on the zigzag MoS~2~ nanoribbon rather than on graphene in the 3DGM structures. It should be noted that a high Li adsorption energy[@b42] or high Li intercalation voltage is crucial to ensure the thermodynamic stability in the cathodes for lithium ion batteries. 2D MoS~2~ nanosheets are not ideal candidates for cathode materials because that they exhibit the relatively low Li adsorption energies of about 2.12 eV. MoS~2~ nanoribbons can increase the Li adsorption energy (3.62 eV) due to the edge effect[@b40]. However, the bare zigzag MoS~2~ nanoribbon only has a very limited number of edge atoms.

In order to know whether the three dimensional 3DGM can improve the adsorption of Li on MoS~2~, the Li adsorption on 3DGM-5Z is firstly explored. For the adsorption of Li on 3DGM, there are many possible sites because of the interface. For example, as for the top site of Mo atoms, there are 10 different sites for the top site of Mo atoms (labeled as T1--T10) and eight hollow sties for Mo-S six-membered ring (labeled as H1--H8), and the four interfacial side sites (Labeled as S1--S4). All non-equivalent Li adsorption positions of the 3DGM-5Z are marked in the [Figure 5 (a)](#f5){ref-type="fig"}, and the corresponding Li adsorption energies are listed in the [Table 2](#t2){ref-type="table"}. The adsorption energy of Li on the top sites decreases stepwise from the S-C interface to the Mo-C interface. The similar regulation also exists in the Li adsorption on the hollow and side sites of zigzag MoS~2~ nanoribbon. The adsorption energies of Li on the S atom edges are significantly enhanced due to the interface effect of the graphene and zigzag MoS~2~ nanoribbon. Similar phenomena were also found in bare zigzag graphene nanoribbons, which are believed to be responsible for the enhanced Li adsorption strength at the edge sites[@b40]. Here, the three dimensional 3DGM hybrid structure, assembling zigzag MoS~2~ nanoribbons with graphene nanosheets, can effectively improve the Li adsorption on MoS~2~ with an even larger Li adsorption energy of 3.82 eV, compared with either MoS~2~ nanoribbons.

To examine the edge effect on the Li mobility, the diffusion of Li along the S-C interface of 3DGM-5Z is examined. Since the adsorption energies of Li on S-C interfaces are obviously larger than those on the inner sites or the interfaces, the Li atom should migrate along the S-C interface. The diffusion route is thus along the periodic direction of zigzag MoS~2~ nanoribbon: T1 → H1 → T2 → H2 → T2′ → H1′ → T1, as highlighted by blue dotted lines in [Figure 5 (a)](#f5){ref-type="fig"}), and the calculated diffusion barriers are shown in [Figure 5 (b)](#f5){ref-type="fig"}. It can be seen that a Li atom only needs to conquer an energy barrier of 0.30 eV to migrate from a T1 site to another, passing through the H1, T2 and H2 site. To compare the diffusion barriers, the Li diffusion path is divided to three sections by the nearest top sites, marked as T1 → H1 → T2, T2 → H2 → T2′ and T2′ → H1′ → T1, and the diffusion barriers are 0.26, 0.24 and 0.26 eV, respectively. The Li diffusion barrier of the nearest top sites is within 0.26 eV. In order to check the effect of zero-point energy term on the reaction barrier, the typical diffusion process from T2-H2 was checked. The result shows that the zero-point energy term reduces the reaction barrier by 0.02 eV, and the reaction barrier becomes 0.24 eV including the zero-point energy term. Thus, Li diffusion barrier on the 3DGM-5Z is slightly larger than that on the MoS~2~ monolayer (0.21 eV), but is much lower than that on that of bulk MoS~2~ (0.49 eV)[@b40]. Larger adsorption energy and smaller diffusion barrier of Li atoms on 3DGM-5Z make it an ideal material for the cathode of lithium ion batteries.

Discussion
==========

We performed systematic first-principle calculations for the studies of the atomic configuration, thermodynamics stability and electronic properties of various 3D Graphene/MoS~2~ hybrid structure. The calculated formation energies reveal that the 3DGM are easily assembled by graphene nanosheet and MoS~2~ nanoribbons. The first principles molecular dynamics simulations confirmed that the 3DGM structures should be thermodynamically stable. The electronic structures of 3DGM are greatly affected by the thickness and edge type of MoS~2~ nanoribbons. The 3DGM with odd-layer thickness MoS~2~ nanoribbon is semiconductor, while the one with even-layer thickness MoS~2~ nanoribbon exhibits metallic feature. The 3DGM structures not only own the large surface area and high stability to avoid the aggregation, but also they exhibit the large adsorption energy and small diffusion energy barrier for Li storage. Thus such three dimensional hybrid materials have great potential as high-performance cathode materials for lithium ion battery.

Methods
=======

In this work, two DFT packages have been used. The first-principles structure and energy calculations are mainly performed using the Vienna Ab Initio Simulation Package (VASP)[@b43][@b44]. Projector augmented-wave (PAW) pseudopotentials[@b45] were used to account electron-ion interactions. The generalized gradient approximation (GGA) with the PBE function[@b46] was used to treat the exchange-correlation interaction between electrons. The energy cutoff was set to 500 eV and 3 × 3 × 3 Monkhorst-Pack scheme was used to sample Brillouin zone. The full geometry optimizations are carried out with the convergence thresholds of 10^−6^ eV and 5 × 10^−3^ eV/Å for total energy and ionic force, respectively. DFT-D2[@b47] approach was used to describe the vdW interactions between layers.

The mixed Gaussian and plane-wave basis set code CP2K/Quickstep package[@b48] has been used for the first principles molecular dynamics (FPMD) and Li diffusion barrier calculations. The wave functions of the valence electrons are expanded in terms of Gaussian functions with molecularly optimized double-zeta polarized basis sets (m-DZVP)[@b49]. For the auxiliary basis set of plane waves a 320 Ry cut-off is used. In the FPMD simulations the canonical ensemble was employed[@b50][@b51] with a target temperature of 300 K, maintained with a Nosé-Hoover chain thermostat. Calculations of diffusion barrier of Li were performed using the climbing-image nudged-elastic-band method (CI-NEB)[@b52] with nine points along the reaction paths.
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![Top and side views of the (a) zigzag type 3DGM-5Z and (b) armchair type 3DGM-5A along the different directions, respectively.\
Here, 3DGM-5Z presents the system contains 5 atom-layer zigzag MoS~2~ and graphene. The grey, yellow, and glaucous balls represent carbon atoms, sulfur atoms, and molybdenum atoms, respectively.](srep07007-f1){#f1}

![The interface structure revolution and Mo-C bond vibration of the 3DGM-5Z as a function of the FPMD simulation time.\
Here, 3DGM-5Z presents the system contains 5 atom-layer zigzag MoS~2~ and graphene. The unit of bond length is Å. The grey, yellow, and glaucous balls represent carbon atoms, sulfur atoms, and molybdenum atoms, respectively.](srep07007-f2){#f2}

![The band structures and band decomposed charge densities of the (a) 3DGM-4Z, (b) 3DGM-5Z, (c) 3DGM-4A and (d) 3DGM-5A.\
3DGM-nZ (3DGM-nA) represents a 3DGM structure that contains n atom-layer thickness zigzag (armchair) MoS~2~ nanoribbon. The corresponding highest occupied molecule state (HOMO) and lowest unoccupied molecule state (LUMO) are shown on upper and low panel in violet color as well. The grey, yellow, and glaucous balls represent carbon atoms, sulfur atoms, and molybdenum atoms, respectively.](srep07007-f3){#f3}

![The electron localization function (ELF) of (a) 3DGM-5Z and (c) 3DGM-5A. Violet isosurfaces correspond to the ELF (the isovalue is 0.5). The corresponding charge density difference of 3DGM-5Z and 3DGM-5A are shown in (b) and (d), respectively. Blue and red isosurfaces correspond to the accumulation and depletion of electronic densities (the isovalue is 0.02 e/Å^3^). 3DGM-nZ (3DGM-nA) represents a 3DGM structure that contains n atom-layer thickness zigzag (armchair) MoS~2~ nanoribbon. The grey, yellow, and glaucous balls represent carbon atoms, sulfur atoms, and molybdenum atoms, respectively.](srep07007-f4){#f4}

![(a) All the possible Li atom adsorption sites on 3DGM-5Z marked by the red characters and the most possible diffusion path denoted by blue dotted lines. (b) The diffusion barrier of Li atom on 3DGM-5Z along the diffusion path (T1 → H1 → T2 → H2 → T2′ → H1′ → T1). The grey, yellow, and glaucous balls represent carbon atoms, sulfur atoms, and molybdenum atoms, respectively.](srep07007-f5){#f5}

###### Formation energies of different 3DGM structures. Both zigzag and armchair MoS~2~ are considered, along with their different thickness. 3DGM-nZ (3DGM-nA) represents a 3DGM structure that contains n atom-layer thickness zigzag (armchair) MoS~2~ nanoribbon. The most stable 3DGM is labeled in bold

  Structures     *E~f1~* (eV)   *E~f2~* (eV)   *E~f~* (eV)
  ------------- -------------- -------------- -------------
  3DGM-2Z           1.106          −0.748         0.358
  3DGM-3Z           1.038          −0.870         0.168
  3DGM-4Z           0.798          −0.786         0.012
  **3DGM-5Z**     **0.667**      **−0.871**    **−0.204**
  3DGM-3A           1.305          −0.505         0.800
  3DGM-4A           1.271          −0.580         0.691
  3DGM-5A           1.168          −0.526         0.642

###### The calculated adsorption energies (E~adsorb~) of Li atom on 3DGM-5Z structure for all possible absorption positions (The corresponding sites are shown in [Figure 5](#f5){ref-type="fig"}). The most stable adsorption energies are shown in bold

  Position    E~adsorb~ (eV)   Position (eV)   E~adsorb~ (eV)   Position   E~adsorb~ (eV)
  ---------- ---------------- --------------- ---------------- ---------- ----------------
  **T1**         **3.82**         **H1**          **3.61**       **S1**       **3.12**
  T2               3.76             H2              3.55           S2           3.30
  T3               3.30             H3              3.08           S3           0.34
  T4               3.28             H4              3.06           S4           0.34
  T5               3.09             H5              2.91                          
  T6               3.08             H6              2.91                          
  T7               2.95             H7              2.75                          
  T8               3.01             H8              2.82                          
  T9               2.76                                                           
  T10              2.79                                                           
